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Coupled quasidiabatic potential energy surfaces for LiFH
Ahren W. Jasper, Michael D. Hack, and Donald G. Truhlara)

Department of Chemistry and Supercomputer Institute, University of Minnesota, Minneapolis,
Minnesota 55455

Piotr Piecuchb)

Department of Chemistry, Michigan State University, East Lansing, Michigan 48824

~Received 2 November 2001; accepted 31 January 2002!

We present high-levelab initio calculations for the global adiabatic potential energy surfaces of the
ground state (X̃ 2A8) and several excited states~Ã 2A8, B̃ 2A9, C̃ 2A8, D̃ 2A8, andẼ 2A9! of LiFH,
including the valleys leading to Li1HF and LiF1H. The ab initio calculations were carried out
using the multireference singles and doubles configuration interaction method with 99 reference
configuration state functions~CSFs! for the2A8 states and 39 reference CSFs for the2A9 states. The
basis set consisted of 140 contracted Gaussian functions, including specifically optimized diffuse
functions, and calculations were performed on a dense grid of;3500 nuclear geometries which
allowed us to construct an accurate analytic representation of the two lowest-energy LiFH potential
energy surfaces. An analytic 232 quasidiabatic potential energy matrix was obtained by fitting
physically motivated functional forms to theab initio data for the two lowest-energy adiabatic states
and explicitly including long-range interactions. The newly presented LiFH fit is compared to
several ground-state LiFH fits and one excited-state LiFH fit that have appeared in the
literature. © 2002 American Institute of Physics.
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I. INTRODUCTION

The LiFH system is ideal for detailed theoretical stu
because it is relatively simple, yet features an interes
potential energy surface topography. The ground-state L
potential energy surface1–13 and the dynamics of the elec
tronically adiabatic Li1HF→LiF1H reaction10–25 have
been widely studied. The excited states8,26,27 and electroni-
cally nonadiabatic dynamics26,28 of LiFH have attracted at-
tention only recently. The ground-state potential energy s
face has a relatively deep van der Waals well in the Li(2s)
1HF entrance valley and a barrier in the LiF1H exit valley.
A strongly bound excited-state complex~exciplex! is present
in the first excited state at a geometry similar to~but tighter
than! the geometry of the ground-state van der Waals w
The ground- and first-excited states of the LiFH system
coupled nonadiabatically, forming a seam of avoided cro
ing at larger Li–F and H–F separations.

The features of the coupled LiFH potential energy s
faces allow for interesting dynamical processes. For
ample, the ground-state van der Waals molecules (Li¯FH)
may be excited into the exciplex@(Li¯FH)* #. These
excited-state complexes are relatively long-lived and m
undergo electronically nonadiabatic dissociation26,28 which
can proceed either reactively to form LiF1H or nonreac-
tively to form electronically quenched Li(2s)1HF

Li¯FH→
hy

~Li¯FH!* →H LiF1H ~R1a!

Li ~2s!1HF. ~R1b!

a!Electronic mail: truhlar@umn.edu
b!Selected as an Alfred P. Sloan Research Fellow in 2002.
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This type of reaction is of particular importance as a me
of probing the transition state region of the excited-st
Li(2 p)1HF reaction. For sufficiently large excitation ene
gieshy, another dissociation pathway is accessible where
(Li¯FH)* exciplexes dissociate in an electronically excit
state and form the Li(2p)1HF product.

In order to facilitate the detailed theoretical study of t
LiFH system, we present high-levelab initio calculations for
a dense grid of nuclear geometries for the ground state
first five excited states of LiFH. Some of the features on
ground- and excited-state adiabatic potential surfaces are
result of the interaction of covalent and ionic valence bo
configurations, and a multiconfigurational treatment is n
essary to accurately describe these features.Ab initio calcu-
lations were performed with the multireference configurat
interaction~MRCI! method employing relatively large refer
ence spaces and a large one-electron basis set. Althoug
this work we focus mainly on the potential energy surfac
of the ground- and first-excited states of the LiFH system,
also present less extensive results for other low-lying sta
of LiFH, including all states that correlate with th
Li(2s 2S)1HF(X 1S1) and Li(2p 2P)1HF(X 1S1) limits.

The energies obtained from theab initio calculations
were used to construct a three-dimensional analytic fit for
two lowest-energy quasidiabatic29–44states of LiFH and their
electronic coupling. In a previous work,26 we have presented
semiclassical trajectory photodissociation calculations us
analytic fits for the NaFH and LiFH systems. The LiFH
used in the previous study~which may be called surface fi
H! was based on a limited set ofab initio data. In the current
work, we describe an improved LiFH fit called surface fit
3 © 2002 American Institute of Physics
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that is based on the larger set ofab initio data presented here
Care has also been taken to explicitly include accurate lo
range interactions, which were not included in the prelim
nary fit. The newly presented LiFH quasidiabatic poten
energy matrix is global and can be used to describe grou
state or nonadiabatic bimolecular scattering processes as
as the photodissociation processes shown in Eqs.~R1a! and
~R1b! for both quantum-mechanical and semiclassical
namics simulations.

In Sec. II we present the details of theab initio calcula-
tions for the LiFH system. Section III describes the proc
dure we used to obtain an analytic fit of theab initio data.
Section IV discusses the fit and compares it to sev
ground-state LiFH fits and one excited-state LiFH fit th
have appeared previously in the literature.4,5,8,11–13

II. AB INITIO ELECTRONIC STRUCTURE
CALCULATIONS

Ab initio calculations were performed using the MRDC
variant45 of the multireference configuration interactio
~MRCI! method. In this approach, a series of variational
calculations is carried out using sets of spin- and symme
adapted configuration state functions~CSFs! that are selected
from all possible CSFs generated by single and double s
stitutions in reference configurations. For multireference c
culations, the reference space contains those CSFs tha
believed to be essential for the description of the nondyna
cal correlation in the electronic states of interest, as wel
some of the leading configurations needed for dynamical
relation. In each CI calculation, the selection of excited CS
is made based on their importance in the CI wave funct

TABLE I. Calculated~MRDCI! and experimental~Expt.! excitation ener-
gies and ionization potentials~IP! of Li ~in eV!.

MRDCI Expt.a

2s 2S→2p 2P 1.837 1.848
2s 2S→3s 2S 3.373 3.373
2s 2S→3p 2P 3.833 3.834

IP 5.372 5.392

aReference 74.
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expansions, as determined by a selection thresholdT ~usu-
ally, a few mEh or a fraction of onemEh!. The selection of
excited CSFs is based on the estimated energy lowering
fect of each added CSF on the desired eigenvalues of
Hamiltonian matrix involving reference CSFs, as explain
elsewhere.45 The CI eigenvalue problem then is solved se
eral times for different values of selection thresholdT, and
the resulting energies are extrapolated to theT50 limit. This
limit corresponds to the complete MRCISD~MRCI singles
and doubles! eigenvalue problem.45 The final MRDCI energy
of a given electronic state is obtained by adding the sim
fied quasidegenerate Davidson correction46 to the extrapo-
lated MRCISD energy. In each of the three types of t
MRDCI calculations reported in this work~referred to as
strategies A–C and fully described below!, the extrapolated
energies were obtained using three threshold valuesT, as
described below.

Although in this study we were mainly interested in th
two lowest states of2A8 symmetry, we also wanted to un
derstand the topography of the potential energy surfa
characterizing other low-lying states of the LiFH syste
Thus, along with the ground state (X̃ 2A8) and the first ex-
cited state (Ã 2A8), we calculated the potential energy su
faces of four other states, including two more states of
2A8 symmetry ~the C̃ 2A8 and D̃ 2A8 states! and the two
lowest states of2A9 symmetry~the B̃ 2A9 andẼ 2A9 states!.
The calculated states correlate with the six doublet sta
corresponding to the lowest-energy noninteracting-at
limit @i.e., the Li(2s 2S)1F(2p5 2P)1H(1s 2S) asymptote#.
These states include the Li(2s 2S,2p 2P,3s 2S)
1HF(X 1S1) states of the reactants and th
LiF(X 1S1,A 1P,B 3P,C 3S1,D 1S1)1H(1s 2S) states of
products. In choosing the reference spaces and basis se

TABLE II. Calculated~MRDCI! and experimental~Expt.! electron affinities
of F and H~in eV!.

MRDCI Expt.a

F 3.31 3.40
H 0.74 0.75

aReference 72.
0

0

h.
TABLE III. Ground-state properties of HF, LiF, and LiH. A comparison of the calculated~MRDCI! and experimental~Expt.! data.

Diatom

r e /Å a ve /cm21b D0 /eVc m/Dd DE/eVe

MRDCI Expt.f MRDCI Expt.f MRDCI Expt.f MRDCI Expt.f,g MRDCI Expt.h

HF 0.9165 0.9168 4147.7 4138.3 5.68 5.87 1.819 1.826 0.00 0.0
LiF 1.5645 1.5639 903.7 910.3 5.67 5.91 6.358 6.325 0.21 0.17
LiH 1.5946 1.5957 1402.0 1405.7 2.44 2.43 5.851 5.882 3.37 3.6

aThe equilibrium bond length.
bThe harmonic vibrational frequency.
cThe dissociation energy. The MRDCI value ofD0 was calculated fromDe2ve/2, whereDe is a difference between the asymptotic~r 57.5a0 for HF, r
531a0 for LiF, and r 515a0 for LiH ! and equilibrium values of the MRDCI ground-state energies.

dThe dipole moment.
eThe difference between the energy of the diatom at its equilibrium bond length and the energy of the Li1HF asymptote at the HF equilibrium bond lengt
fReference 75.
gAverage value for the ground vibrational state.
hComputed fromD0 andve .
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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our MRDCI calculations, we obtain a balanced description
the four lowest2A8 and two lowest2A9 states. We also ob
tain a very accurate description of the lowest two2A8 states,
and this was used to construct a 232 quasidiabatic fit de-
scribed in Secs. III and IV.

The basis set used in the MRDCI calculations consis
of the standard 6-311G(3d2 f ,3p2d) basis set,47 augmented
by several diffuse functions whose exponents were o
mized to accurately reproduce selected properties of the
H, and F atoms~excitation energies of Li, ionization poten
tial of Li, and electron affinities of H and F! and basic prop-
erties of the HF, LiF, and LiH diatomic fragments~the equi-
librium bond lengths, vibrational term values, dissociati
energies, dipole moments, and low-lying excited states!. The
following diffuse functions were used to augment t
6-311G(3d2 f ,3p2d) basis set~exponents in parentheses!:
s(0.0052) andp(0.0097) functions centered on Li,s(0.089),
s(0.000 01), andp(0.083) functions centered on F, an
s(0.037), s(0.012), andp(0.055) functions centered on H
Cartesian representations of thed and f functions were em-
ployed throughout, so that the total number of contrac
Gaussian functions in the basis set was 140. The high a
racy of our basis set can be judged by the results of
MRDCI calculations for the Li, H, and F atoms and HF, Li
and LiH molecules, as shown in Tables I–VI. The total a
solute energies for the diatomic calculations at the minim
energy bond length are2100.353 263,2107.298 414, and
28.0439 92 Eh , for the HF, LiF, and LiH diatomics, respec
tively.

The MRDCI calculations reported in this work were pe
formed using ground-state restricted open-shell Hartree-F
~ROHF! orbitals, and the lowest 1a8 molecular orbital was
kept frozen. All ROHF and correlated calculations were p
formed using theCs symmetry common to all LiFH nuclea
configurations. The use ofCs symmetry in our calculations

TABLE IV. Vertical excitation energies~in eV! from theX 1S1 state of HF
at the experimental equilibrium distancer e50.917 Å. Continuous absorp
tion starting at 60 600 cm21 ~7.51 eV! has been attributed to theX 1S1

→1P transition~Ref. 75 and references therein!.

Statea MRDCIb MRDCIc

3P 10.060 10.06
1P 10.417 10.41

3S1 13.442 13.59

aLowest excited state for each symmetry.
bPresent work,@5s4p3d2 f /5s4p2d# basis set.
cReference 76,@7s5p2d/3s1p# basis set.

TABLE V. Vertical excitation energies~in eV! from the X 1S151 1S1

state of LiF at the experimental equilibrium distancer e51.564 Å. Peaks in
the electron energy loss spectrum are at 6.6, 8.7, 10.9, 62.0 eV~Ref. 75!.

State MRDCIa

1 3P 6.58
1 1P 6.57
1 3S1 6.96
2 1S1 6.98

aPresent work,@5s4p3d2 f /5s4p3d2 f # basis set.
Downloaded 14 May 2003 to 160.94.96.169. Redistribution subject to A
f

d

i-
i,

d
u-
e

-

ck

-

prompts a few remarks. When collinear arrangements of
Li, F, and H atoms are approached~i.e., at Li–F–Hangles of
180° or 0°!, the symmetry of the LiFH electronic Hamil
tonian increases fromCs to C̀ v , so that theA8 andA9 states
classify asS, P, etc. states~similarly, the ROHF orbitals that
for the bent configurations classify asa8 and a9 orbitals
becomes, p, etc. orbitals for the collinear arrangements
the Li, F, and H atoms!. The incomplete reference spaces a
the CSF selection procedures that are used in MRDCI ca
lations give results that are not unitarily invariant with r
spect to general orbital rotations within the core, active, a
virtual blocks. In particular, the results for the collinear g
ometries may depend on whether we useCs or C̀ v
symmetry-adapted orbitals and CSFs. For this reason,
never used the C̀v symmetry~or its C2v Abelian subgroup!
in our calculations, as this would result in a nonsmoo
behavior of our calculated potential energy surfaces
Li–F–H angles approaching 180° and 0°. To mimic the c
linear arrangements of the Li, F, and H atoms, while reta
ing the Cs symmetry for all geometries, we included Li
F–H angles of 179.99° and 0.01° in our grids.

The MRDCI calculations for the2A8 states are based o
62 symmetry-adapted reference configurations~as defined by
the orbital occupation numbers! or, equivalently, 99 spin-
and symmetry-adapted CSFs. The2A9 states were describe
by 24 reference configurations or 39 CSFs. These config
tions were chosen so as to provide an accurate and
balanced zero-order description of the four lowest2A8 and
two lowest2A9 states in the 6-root calculations with thres
olds T54, 6, and 8mEh referred to as strategy A~see the
discussion below for further details!, over a wide range of
nuclear geometries, including: the Li1HF and LiF1H dis-
sociation channels, the vdW well on the ground-state pot
tial energy surface, the excited-state well, the region of
avoided crossing between ground- and excited-state pote
energy surfaces, and the transition-state region for
ground-state Li1HF→LiF1H reaction.

In the language appropriate for the Li1HF limit, the
reference CSFs defining the2A8 CI subproblem included the
ground-state ROHF determinant, the 2s→2p, 3s, 3p, 3d,
4s, 4p, etc. single excitations in Li~important to describe
excited states of the Lī FH complex!, the valences→s*
single and double excitations in HF~important to describe
the bond breaking in HF!, the valencep→s* as well as the

TABLE VI. Vertical excitation energies~in eV! from the X 1S151 1S1

state of LiH at the experimental equilibrium distancer e51.595 Å.

State MRDCIa

1 3S1 3.27
2 1S1 3.62b

1 3P 4.25c

1 1P 4.26d

aPresent work,@5s4p3d2 f /5s4p2d# basis set.
bThe Te ~minimum to minimum! excitation energy is 3.29 eV. The exper
mental value ofTe is 3.29 eV~Ref. 75!.

cThe lowest stable3P state is located at;1700 cm21 or 0.21 eV below the
lowest stable1P state.

dThe Te ~minimum to minimum! excitation energy is 4.32 eV. The exper
mental value ofTe is 4.33 eV~Ref. 75!.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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Rydbergs, p→s, p mono- and biexcitations in HF, th
2s(Li) →s* (HF), s(HF)→2s, 2p, 3s, 3p, 3d, 4s,
4p(Li), etc. andp(HF)→2s, 2p, 3s, 3p, 3d, 4s, 4p(Li),
etc. monoexcitations between Li and HF, and various ‘‘pro
uct’’ double excitations, such ass2(HF)→2s12p1,
2s13s1(Li), s2(HF)→2s1(Li)( s* )1(HF), p2(HF)
→2s12p1, 2s13s1(Li), and p2(HF)→2s1(Li)( s* )1(HF).
Thus, along with the ground-state ROHF determinant

F (0)5u$core%~4a8!2~5a8!2~1a9!2~6a8!1u, ~1!

where $core%5(1a8)2(2a8)2(3a8)2, in which the lowest
1a8 molecular orbital~;1s orbital on fluorine! was kept
frozen, the CSFs of the following types were chosen as
erence configurations:

Fn
(1)5u$core%~4a8!2~5a8!2~1a9!2~na8!1u, ~2!

Fn
(2)5u$core%~4a8!1~5a8!2~1a9!2~6a8!1~na8!1u, ~3!

Fn
(3)5u$core%~4a8!2~5a8!1~1a9!2~6a8!1~na8!1u, ~4!

where 7<n<20,

F (4)5u$core%~4a8!1~5a8!2~1a9!2~6a8!2u, ~5!

F (5)5u$core%~4a8!2~5a8!1~1a9!2~6a8!2u, ~6!

Fn
(6)5u$core%~5a8!2~1a9!2~6a8!1~na8!2u, ~7!

Fn
(7)5u$core%~5a8!2~1a9!2~6a8!2~na8!1u, ~8!

Fn
(8)5u$core%~4a8!2~1a9!2~6a8!1~na8!2u, ~9!

Fn
(9)5u$core%~4a8!2~1a9!2~6a8!2~na8!1u, ~10!

where 7<n<9, and

F (10)5u$core%~4a8!2~5a8!2~1a9!1~6a8!1~2a9!1u, ~11!

Fn
(11)5u$core%~4a8!1~5a8!1~1a9!2

3~6a8!1~7a8!1~na8!1u,

~n531,32!, ~12!

F (12)5u$core%~4a8!1~5a8!2~1a9!1

3~6a8!1~7a8!1~12a9!1u, ~13!

F (13)5u$core%~4a8!2~5a8!1~1a9!1

3~6a8!1~7a8!1~12a9!1u. ~14!

Two CSFs were particularly important for the description
the two lowest2A8 states, namely, the ROHF configuratio
F (0), Eq. ~1!, and the monoexcited configurationF7

(1) , Eq.
~2!. These two configurations correlate with the Li(2s 2S)
1HF(X 1S1) and the Li(2p 2P)1HF(X 1S1) limits of re-
Downloaded 14 May 2003 to 160.94.96.169. Redistribution subject to A
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actants. In this case, the 6a8 and 7a8 orbitals represent, re
spectively, the 2s and 2p orbitals of Li. As the Li–F distance
decreases and the H–F distance increases, the 7a8 orbital
evolves into an antibonding orbital of HF having a signi
cant admixture of diffuse atomic orbitals centered on Li,
lowing us to describe an ionic intermediate Li1 – (F–H)2,
which plays an important role in the electron transfer b
tween the excited lithium atom and the HF fragment
(LiFH) * , ultimately allowing for nonadiabatic dissociatio
of (LiFH) * into the reaction products, Eq.~R1a!. At the
same time, the 6a8 orbital becomes a 1s orbital of hydrogen,
so that when the H–F bond finally breaks, the ROHF co
figurationF (0), Eq. ~1!, describes the ionic product channe
i.e., LiF(X 1S1)1H(1s 2S). The presence of the carefull
optimized diffuse functions in the basis set was essential
obtaining an accurate description of theX̃ 2A8 and Ã 2A8
potential energy surfaces in the region of nuclear geomet
where the nonadiabatic transitions and a significant re
rangement in the electronic structure of the excited Li¯FH
complex ~from the covalent to largely ionic Li1 – (F–H)2

intermediate!, which are responsible for the photoinduce
charge transfer in Lī FH, take place.

A similar set of references, including the 2s→2p, 3p,
3d, 4p, etc. single excitations in Li, thes→p and p
→s* , s, p single excitations in HF, and thes(HF)→2p,
3p, 3d, 4p(Li), p(HF)→2s, 2p, 3s, 3p, 3d, 4s, 4p(Li),
s2(HF)→2s12p1(Li), and p2(HF)→2s12p1(Li) intersys-
tem excitations, was defined for the2A9 states. Thus, along
with the

F̃n
(1)5u$core%~4a8!2~5a8!2~1a9!2~na9!1u, ~15!

F̃n
(2)5u$core%~4a8!1~5a8!2~1a9!2~6a8!1~na9!1u, ~16!

and

F̃n
(3)5u$core%~4a8!2~5a8!1~1a9!2~6a8!1~na9!1u ~17!

configurations, wheren52 – 7, we included in the referenc
space the

F̃n
(4)5u$core%~4a8!2~5a8!2~1a9!1~6a8!1~na8!1u ~18!

configurations withn57 – 9, and the

F̃ (5)5u$core%~4a8!2~5a8!2~1a9!1~6a8!2u, ~19!

F̃ (6)5u$core%~4a8!2~1a9!2~6a8!2~2a9!1u, ~20!

and

F̃ (7)5u$core%~5a8!2~1a9!2~6a8!2~2a9!1u, ~21!

configurations.
The above reference spaces do not represent com

model spaces. The fact that we did not use a complete ac
space approach, which would considerably increase the
of our calculations, was compensated for by a careful cho
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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of reference configurations. These reference configurat
were selected in such a way that they rotate into one ano
when the nuclear geometry varies. The appropriatenes
our selection of references can be best illustrated by the
of the sum of the squared magnitudes of the coefficients
the above reference CSFs in the final CI wave function
pansions of the four lowest2A8 and two lowest2A9 states
defining strategy A, the two lowest2A8 states defining strat
egy B, and the lowest2A8 state defining strategy C~for the
precise definitions of these strategies, see the next p
graph!. For the majority of geometries considered in th
study, these sums were greater than 0.95, and they w
greater than 0.90 for all nuclear geometries and all com
tational strategies considered here.

As in our earlier study of the potential energy surfaces
the NaFH system,34 the MRDCI calculations for LiFH were
performed in three stages, with each successive stage
ploying a set of smaller selection thresholdsT and a subse
of geometries used in the earlier stage. Thus, the entire
tential energy surfaces for the four lowest2A8 and two low-
est 2A9 states were first explored using the threshold val
T54, 6, and 8mEh . This initial 6-root calculation is referred
to as strategy A. The exploratory calculations constitut
strategy A were followed by more accurate calculations

the X̃ 2A8 and Ã 2A8 states, and this 2-root calculation
referred to as strategy B. In these calculations, we used
smaller threshold valuesT51, 2, and 3mEh . This set of
calculations focused on the regions of potential energy
faces critical for the dynamics of the nonadiabatic dissoc
tion of the excited LiFH system, including the geometri
along the Li1HF→LiF1H reaction path, the regions of th

van der Waals minima on theX̃ 2A8 and Ã 2A8 potential
energy surfaces, the saddle-point region on the ground-s
potential energy surface, and the region of the avoided cr

ing of the X̃ 2A8 and Ã 2A8 states.
The final set of calculations, denoted as strategy C,

ployed the smallest selection thresholds, namely,T50.15,
0.30, and 0.45mEh . In these most accurate calculations, p
formed only for the ground state, we focused on H–F d
tances not exceeding 2.6a0, i.e., on the shallow van de
Waals minimum, the entire reactant valley, and the prod
valley up to the barrier for the Li1HF→LiF1H reaction.
Strategy C was important for improving the description
the van der Waals well and the saddle-point region on
ground-state potential energy surface, which have also b
examined by one of us with highly accurate coupled-clus
calculations.13 In fact, we used the results of these couple
cluster calculations to choose the optimum values ofT for
the MRDCI calculations defining strategies B and C.

As pointed out in our earlier study of the NaF
system,34 the use of very small thresholdsT, such as those
defining strategy C, is essential to obtain the correct desc
tion of shallow minima on potential energy surfaces with t
MRDCI method. For example, the estimated error of e
trapolation to theT50 limit of the complete MRCISD prob-
lem characterizing strategy C was 0.001–0.006 eV, whic
a reasonable accuracy for the ground-state potential en
surface in that it is characterized by a van der Waals m
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mum located;0.24 eV below the Li1HF asymptote. The

other regions of theX̃ 2A8 and Ã 2A8 potential energy sur-
faces are accurately described with strategy B, which
estimated extrapolation errors of 0.01–0.03 eV for
nuclear geometries included in the calculations. The le
expensive set of calculations, defining strategy A, has
trapolation errors of 0.02–0.09 eV; this accuracy level w
sufficient to provide information about the global topograp
of the potential energy surface of the four lowest2A8 and
two lowest2A9 states, and information obtained in the 6-ro
strategy A calculation was useful for choosing the functio
form for our analytic fit of the potential energy surfaces

the X̃ 2A8 andÃ 2A8 states described in Secs. III and IV. Th
use of the above selection thresholds allowed us to subs
tially reduce the original dimension of the2A8 MRCISD
problem, from 23 616 292 CSFs for all single and doub
excitations to less than;70 000 CSFs in theT54, 6, 8mEh

case, to less than;100 000 CSFs in theT51, 2, 3mEh case,
and to less than;200 000 CSFs in theT50.15, 0.30,
0.45mEh case. The use of the three-step approach~strategies
A–C! allowed us to reduce the cost of our calculations f
ther, since we used more expensive strategies B and C
marily in the regions important for the dynamics. The r
gions of the LiFH potential energy surfaces~for example,
regions characterized by very high energies! which cannot be
accessed during the nonadiabatic dissociation of the exc
Li¯FH complex do not have to be treated as accurately
regions critical for the dynamics of this process. The use
strategies A–C and the use of the MRDCI scheme, whic
based on selecting relatively small sets of CSFs out of la
sets of CSFs corresponding to a complete MRCI proble
allowed us to cut down the cost of our calculations so mu
that the otherwise expensive MRCI calculations could
performed on dense grids of nuclear geometries involv
several thousands of points in a reasonable amount of t
The results of the MRDCI calculations for each of the thr
strategies A–C for a wide range of nuclear geometries
available as supplementary information.48 The ab initio en-
ergies are reported in the supplementary material relativ
the zero of energy defined as the energy of the ground e
tronic state at r LiF515.0a0 , r HF51.7325a0 , and u
5179.99°. The total absolute energies for the ground e
tronic state at this geometry are2107.803 247,
2107.804 286, and2107.804 580Eh for strategies A, B,
and C, respectively.

The ab initio calculations were performed on differen
nuclear geometry grids for each set of calculations~i.e., for
each strategy A–C!, and the grids are described in detail
the supporting information.48 Briefly, the 3380 strategy A
geometries were designed to be global and cover the ra
r LiF52.0– 15a0 , r HF51.2– 7.0a0 , and u545– 179.99°,
where r AB is the A–B internuclear distance andu is the
Li–F–H bond angle. The 2232 strategy B geometries c
ered a more limited range: r LiF52.0– 15a0 , r HF

51.4– 3.0a0 , andu545– 179.99°. The 1362 strategy C g
ometries covered the range:r LiF52.5– 15a0 , r HF

51.4– 2.6a0 , andu545– 179.99°. Each of these grids wa
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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augmented by several additional calculations to improve
quality of the final fit.

The construction of the final quasidiabatic fit for th

MRDCI potential energy surfaces of theX̃ 2A8 and Ã 2A8
states, based on the sequence of three sets of MRDCI c
lations described above~strategies A–C!, is discussed in Sec
III. In addition to using MRDCI to calculate the adiabat
potential energy surfaces of the LiFH system, the MRD
method was also used to determine the asymptotic form
the off-diagonal matrix elements of the diabatic Hamiltonia
As explained in Sec. III, the diabatic coupling termU12 for
the LiFH system is constructed using the following tw
pieces of information: the minimum energy gaps between
adiabatic potential energy surfaces of theX̃ 2A8 and Ã 2A8
states, extracted from the MRDCI calculations for the
states as described above, and the magnitude of the cou
between the lowest two1S1 states of the LiF and LiH di-
atomic fragments.

It is much easier to calculate the diabatic coupling fo
diatomic than for a triatomic system, and several methods
calculating a diabatic Hamiltonian for a diatomic molecu
have been proposed.38,49–54In this work, we used the metho
proposed by Werner and Meyer,49 in which information
about the off-diagonal matrix element of the diabatic Ham
tonian is determined from the adiabatic states that are to
coupled and the transition dipole moments between them~in
our case, the lowest two1S1 states of LiF and LiH!. In order
to be consistent, we used the MRDCI approach in these
ditional calculations. The basis sets for LiF and LiH we
obtained using the basis sets for the Li, F, and H ato
employed in the calculations for the LiFH system. We p
formed two kinds of calculations. In the first set of calcu
tions, we used three threshold values~0.2, 0.4, and 0.6mEh

for LiF and 0.001, 0.002, and 0.003mEh for LiH ! and ex-
trapolated the resulting energies to theT50 limit, as we did
in the calculations for LiFH. This gave us information abo
the entire ground- and excited-state potential energy cu
of the LiF and LiH molecules~the X 1S1, A 1P, B 3P,
C 3S1, and D 1S1 states of LiF and theX 1S1, A 3S1,
B 1S1, C 3P, D 1P, E 3S1 states of LiH!. Information
about the ground- and first-excited states was useful in
signing the correct asymptotic form of our quasidiabatic fit
the LiF1H and LiH1F channels. The corresponding vertic
excitation energies can be found in Tables V and VI.

In the second set of calculations, we used the non
trapolated MRDCI energies for the lowest two1S1 states,
obtained in the calculations withT50.2 mEh for LiF and
T50.001mEh for LiH, and the corresponding dipole mo
ment functions, i.e., the adiabatic dipole moments in the lo
est two1S1 states and the transition dipole moment betwe
these states, to construct matrix elementsU11, U22, andU12

of the diabatic Hamiltonians for LiF and LiH as functions
the internuclear separations. The relevant adiabatic ene
and dipole moments were obtained on dense grids of po
consisting of 45 Li–F distances, ranging between 1.7
31.0a0 , for LiF, and 41 Li–H distances, ranging betwee
1.5 and 15.0a0 , for LiH. The reference spaces included 9
references~128 CSFs! for the LiF molecule and 82 refer
ences~82 CSFs! for LiH. In order to improve the accuracy o
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our description of theU11, U22, andU12 diabatic potentials
for LiF, for which the coupling is stronger, we uniforml
shifted the ionic diabatU11 to reproduce the difference be
tween the ionic and covalent diabats,U11–U22, at the Li–F
separation of 31.0a0 , that results from the classical Rittne
model,55 i.e.,

U112U225IP~Li !2EA~F!21/RLiF2a/~2RLiF
4 !, ~22!

wherea equals the sum of the polarizabilities of Li1 and F2

~we used the polarizability values reported in Refs. 56 a
57!. The resulting diabatic potentialsU11, U22, andU12 for
LiF and the corresponding diabatic potentials for LiH we
used to design theU12 coupling term of the LiFH system
~see Sec. III!. The high quality of the diabatic states of LiF
obtained in this work with the Werner–Meyer scheme49 and
by the subsequent shifting of the ionic diabat according
Eq. ~22! can be seen by analyzing the results listed in Ta
VII. The Li–F distance at which theU11 and U22 diabats
cross ~the crossing radiusRc!, and the separationDE(Rc)
between the adiabatic energies of the lowest two1S1 states
of LiF, obtained by rediagonalizing the diabatic Hamiltonia
at RLiF5Rc , compare very well with the empirical estimate
of Rc andDE(Rc) provided in Ref. 50.

III. FIT OF THE LOWEST TWO POTENTIAL ENERGY
SURFACES

Fitting the adiabaticab initio energies obtained as de
scribed in Sec. II directly would involve fitting the compl
cated features of the avoided crossing, the saddle-point,
the ground-state van der Waals well to a single functio
form. In addition, we would have to calculate the nonad
batic vector coupling term

d~q!5^X̃ 2A8u¹quÃ 2A8&, ~23!

where q is the relevant set of nuclear coordinates, on
dense grid of nuclear geometries used in the calculations
theX̃ 2A8 andÃ 2A8 states. This would considerably increa
the cost and complexity of our calculations. Thus, instead

TABLE VII. The crossing radiusRc and the separationDE(Rc) between the
two lowest adiabatic1S1 states of LiF at the Li–F separation equal toRc .

MRDCIa Empiricalb

Rc /a0 13.98 13.72
DE(Rc), eV 0.024 0.021

aThe nonextrapolated MRDCI calculation without the quasidegene
Davidson correction~Ref. 46!. The crossing radiusRc was obtained by
diabatizing the MRDCI adiabatic states using the method of Ref. 49.
separationDE(Rc) was obtained by adjusting theU11 ~ionic! diabat at
RLiF531a0 to the classical Rittner potential@cf. Eq. ~22! and Ref. 55# and
rediagonalizing the diabatic Hamiltonian to obtain adiabatic energies.
required values of the ionization potential of Li and electron affinity of
were taken from Ref. 74. The required values of the polarizabilities of L1

and F2 were taken from Refs. 56 and 57, respectively.
bReference 50.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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fitting the adiabatic potential energy surfaces and nona
batic coupling term d, we fit the surfaces
quasidiabatically.35–44,58–60

The quasidiabatic electronic states, which formally res
from a 232 unitary transformation of the adiabatic state
are essentially the covalent and ionic states of a valen
bond model, and their energies are relatively smoothly va
ing functions of geometry. The quasidiabatic potential ene
matrix is written as

U~q!5S U11~q! U12~q!

U12~q! U22~q!
D , ~24!

whereU11 areU22 are the lower- and higher-energy diaba
surfaces, respectively, in the Li1HF asymptotic valley and
the higher- and lower-energy diabatic surfaces, respectiv
in the LiF1H valley ~the quasidiabatic surfaces cross wh
all three atoms are interacting!. The quasidiabatic surface
are coupled by a single scalar coupling termU12, which is a
function of three internal coordinates of LiFH. By definin
the set of coupled surfaces using the quasidiabatic surf
as in Eq.~24!, we also define the adiabatic surfaces and th
nonadiabatic couplingd. The adiabatic energies are obtain
without approximation by diagonalizing Eq.~24!, i.e.,

V1(2)~q!5 1
2 @U11~q!1U22~q!#

7 1
2A@U22~q!2U11~q!#214U12

2 ~q!, ~25!

whereV1 and V2 are the adiabaticX̃ 2A8 and Ã 2A8 states,
respectively. The nonadiabatic couplingd in Eq. ~23! may
also be obtained without approximation from the quasid
batic energies and their gradients.61

One disadvantage of using the quasidiabatic represe
tion is that it is not unique. A strict diabatic representati
would be one in which all of the components of the vec
coupling d are zero,51,54 but such a representation does n
exist in general41,42,58–60~except for the trivial, nonphysica
solution of a basis that is independent of nuclear geome!.
Nevertheless, useful approximate diabatic representat
~i.e., quasidiabatic representations that are expected to
tain the essentially correct physics for most practical dyna
ics calculations even when the momentum coupling is
glected! may often be defined, either based on smoothn
and the incorporation of the geometrical dependencies
pected on the basis of an underlying valence bond pictur
the electronic structure29–33,35–40or based on more math
ematical arguments.41–44,62 In the present work we use th
former approach.

As mentioned above, we fit the two lowest-energy ad
batic potential energy surfaces of LiFH to a 232 quasidia-
batic potential energy matrix, Eq.~24!. The details of the
functional form and parameters used in the 232 LiFH fit are
presented in the supporting information.48 Briefly, our first
step towards obtaining an analytic global potential ene
surface was to obtain one-dimensional analytic fits for
asymptotic potential energy curves for the diatomic pot
tials of HF and LiF, in each case with the third atom f
away.~Note that the LiH diatomic is not accessible at en
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gies for which the current fit was designed to be useful.
therefore did not include the accurate LiH curve explicitly
the present fit.! The HF curve used in fitting the Li1HF
asymptotic potentials was based on the RKR experime
data presented in Ref. 63. The LiF curves for the two low
states of LiF used to fit the LiF1H asymptotic potential,
were based on the diatomicab initio calculations for LiF

FIG. 1. Asymptotic potential energy curves of LiFH in the Li1HF limit.
The analytic fits used in the global fit are shown as solid lines, the s
circles represent the experimental data for HF from Ref. 61 used to ob
the ground-state fit, and the open symbols represent the strategy Aab initio
data for the ground state~triangles! and excited state~squares! of the LiFH
system in the Li1HF limit.

FIG. 2. Asymptotic potential energy curves of LiFH in the H1LiF limit.
The analytic fits used in the global fit for LiFH are shown as solid lines,
solid circles represent the highly accurate MRDCI data for the ground s
of LiF used to obtain the ground-state fit, and the open symbols repre
the strategy Aab initio data for the ground state~triangles! and excited state
~squares! of the LiFH system in the H1LiF limit.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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discussed in Sec. II. Figures 1 and 2 show the fitted
1HF and H1LiF curves, respectively. Also shown are th
experimental andab initio diatomic curves upon which th
HF and LiF fits~with the third atom far away! were based,
respectively, as well as the strategy A data for these asy
totes ~see Sec. II! upon which the global fit for LiFH is
based. As seen from Figs. 1 and 2 and as discussed in Se
the global data agree well with the experimental and hi
level ab initio data.

Also shown in Figs. 1 and 2 are the excited-stateab
initio data and fits for HF and LiF, respectively, again w
the third atom far away. For smallr HF, the excited-state fit
for the HF curve is equal to the ground-state HF cu
shifted to higher energy by the excitation energy of Li~1.848
eV!. The full three-body fitting procedure is facilitated whe
both electronic states go to the same energy when all t
atoms are fully separated, and therefore the excited-state
asymptotic potential was cut off aroundr HF53.0a0 . The HF
asymptotic curves and the ground-state LiF asympt
curves were not allowed to vary during the remainder of
fitting procedure. The excited-state LiF asymptotic curve
purely repulsive and was allowed to vary during the n
step of the fitting procedure.

After determining the asymptotic H1LiF and Li1HF
potentials, we developed highly parametrized functio
forms for the three-dimensional diabats and the diabatic c
pling surface. These functional forms were modeled on
previous fits of the NaFH and NaH2 systems,28,33,34with ad-
ditional functionality added as demanded by the LiFHab
initio data. TheU11 diabat is relatively featureless and co
tains only the van der Waals well and the Li(2s)1HF as-
ymptote. We therefore used a simple sum of diatomic te
to describeU11. The HF potential curve was taken as our
to the accurate experimental63 data as discussed above, a
two parametrized repulsive curves were used to describe
LiF and LiH diatomic interactions. Flexibility was added
the HF curve in the interaction region. TheU22 diabat is
more complicated since it has two open arrangeme
Li(2 p)1HF and LiF1H, as well as a saddle point and
product van der Waals well. We used a highly parametri
generalized LEPS64–67 function to describe theU22 surface.
Considerable flexibility in the fit was obtained by usin
highly modified triplet functions as well as switching fun
tions to add functionality to the singlet curves. See the s
porting information48 for details.

Proper treatment of long-range interactions68,69 can have
a significant impact on observables such as the reaction c
section, as discussed elsewhere.33 Here, we explicitly include
the long-range dispersion and permanent multipole inte
tions in theU11 and U22 surfaces.~Note that here we may
include the long-range interactions in the quasidiabatic st
because the diabatic coupling is nonzero only in the str
interaction region. The quasidiabatic states are there
equal to the adiabatic states in the regions where the lo
range forces are important.! Dispersion and dipole-induced
dipole forces were included in theU11 surface for the
Li(2s) – HF interaction and in theU22 surface for the
Li(2 p) – HF and H–LiF interactions. These interactions a
asymptotic toQA,BC

26 for the interaction A–BC, whereQA,BC
Downloaded 14 May 2003 to 160.94.96.169. Redistribution subject to A
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is the distance from the separated atom A to the cente
mass of the diatom BC. The Li(2p) atom has a permanen
quadrupole moment, and theU22 surface also includes th
quadrupole–quadrupole and dipole–quadrupole forces
the Li(2p) – HF interaction. The dipole–quadrupole an
quadrupole–quadrupole interactions are asymptotic toQLi,HF

24

andQLi,HF
25 , respectively. See the supporting information48 for

further details of the long-range interactions.
The accuracy of theU12 surface is critical for obtaining

the correct nonadiabatic dynamics, but the adiabaticab initio
energies alone do not provide any direct information ab
the strength of the coupling in the three-body interact
region. We used the following procedure to obtain a reas
able coupling surface. We selected a functional form forU12

that behaves asymptotically like theab initio LiF and LiH
diabatic coupling curves that we obtained as discussed
Sec. II. We assume that in the interaction region the diab
coupling will behave similarly to the asymptotic couplin
but the magnitude may be different. The magnitude of
diabatic coupling in the interaction region was estima
from the adiabatic energies near the line of avoided cross
As seen from Eq.~25!, when U115U22, the diabatic cou-
pling U12 is given by (V22V1)/2. We identified the approxi-
mate geometries of the diabatic crossing (U115U22) by us-
ing the dense grid ofab initio data and locating the line o
minimum adiabatic energy gaps at each Li–F–Hbond angle.
We then estimated the diabatic coupling along this line to
half the adiabatic energy gap and adjusted the functio
form of the diabatic coupling to have, as well as possible,
estimated magnitude along the line of avoided crossing
each bond angle. Once the functional form forU12 was ob-
tained, cutoff functions were added such thatU12 vanishes in
all asymptotes. This feature does not significantly affect
dynamics, but it greatly simplifies dynamics calculations.

The more than 80 adjustable parameters in theU11,
U22, andU12 surfaces were optimized simultaneously duri
the coupled-state triatomic fitting procedure. We used a
netic algorithm70 to simultaneously fit the parameters of a
three surfaces by diagonalizing the quasidiabatic poten
energy matrix to obtain the adiabatic energiesV1 and V2 .
The parameters were optimized by minimizing the unfitn
function f 21, where

TABLE VIII. Mean unsigned error~MUE! in eV of the fitted energies
Vi(Rj ) and mean unsigned deviation~MUD! in eV of theab initio dataEi j

from their mean value for several energy ranges. The mean errors
calculated with unit weight on every point.Ngeom is the number of geom-
etries for the state indicated that lie within the energy range given in e
row.

Surface Energy
range

Ngeom MUE MUD MUE/MUD

V1 E1i,2.5 eV 1390 0.059 0.543 0.11
E1i,2.0 eV 1323 0.055 0.488 0.11
E1i,1.0 eV 886 0.039 0.275 0.14
E1i,0.0 eV 98 0.017 0.060 0.29

V2 E2i,2.5 eV 1037 0.063 0.294 0.21
E2i,2.0 eV 640 0.044 0.188 0.24
E2i,1.8 eV 436 0.042 0.138 0.31
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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f 215(
i 51

2

(
j 51

Ni

wi j uEi j 2Vi~Rj !u, ~26!

whereNi is the number ofab initio data points for surfacei ,
Vi(Rj ) is the value of adiabatic potentiali for a given set of

FIG. 3. Contour plot of the fitted ground-state adiabatic surface (V1) at a
Li–F–H bond angle of 107°~the bond angle of the minimum energy of th
van der Waals well!. The contour spacing is 0.1 eV for energies less than
eV, and 1.0 eV for energies above 1.0 eV. The contour corresponding to
eV is shown as a thick solid line. Note: the zero of energy forall contour
plots in this paper is Li(2s) infinitely far from HF at its classical equilibrium
separation.

FIG. 4. Contour plot of the fitted ground-state adiabatic surface (V1) at a
Li–F–H bond angle of72.8° ~the bond angle of the saddle point!. The
contour spacing is 0.1 eV for energies less than 1.0 eV and 1.0 eV
energies above 1.0 eV. The contour corresponding to 0.0 eV is shown
thick solid line.
Downloaded 14 May 2003 to 160.94.96.169. Redistribution subject to A
parameters at geometryRj , andEi j is theab initio energy of
the i th adiabatic surface at geometryRj . The weightswi j

were selected such that the more critical areas~the saddle
point, the van der Waals well, the exciplex well, and t
seam of avoided crossing! were weighted more heavily tha
less-critical areas~e.g., the high-energy repulsive wal
where two atoms are strongly repelling one another!.

We determined the final values of the parameters in t
stages. We first obtained the set of parameters which bes
the least accurate global strategy A data. As mentioned
Sec. II, the strategy A data are available over the larg
range of geometries~3380 data points!. This stage also al-
lowed us to add flexibility to our functional forms as neede
We further refined our fit by allowing subsets of the para
eters to vary as we fitV1 andV2 to the more accurate stra
egy B data~2232 data points! for the V2 surface and the
strategy C data~1362 data points! for theV1 surface. A com-
parison of the fitted values ofV1 andV2 for a wide range of
nuclear geometries is available as supporting information48

The discussion so far has centered on our most accu
global fit, which we will call surface fit J when we need
distinguish it from the preliminary fit of Ref. 26, which ca
be called fit H. In some cases one would like to perfo
dynamics calculations without the added complication
long-range forces~which require longer integration times o
longer-ranged grids in dynamics calculations!. We therefore
also created another surface set, which can be called su
fit JS, that is almost as accurate as surface fit J in the reg
where we haveab initio data, but has truncated long-rang
forces. This is fully described in the supportin
information.48 In the rest of the article,all discussion refers
to surface fit J.

0
.0

or
s a

FIG. 5. Contour plot of the fitted first excited-state adiabatic surface (V2) at
a Li–F–H bond angle of 122°~the bond angle of the minimum energy o
the exciplex well!. The contour spacing is 0.1 eV for energies less than
eV and 1.0 eV for energies above 2.0 eV. The contour corresponding to
eV is shown as a thick solid line.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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IV. DISCUSSION OF THE LiFH SURFACES

IV.A. Two lowest-energy states

The mean unsigned error of the fit is tabulated as a fu
tion of energy in Table VIII. For energies relative to th
dynamics calculations of most interest to us~less than 2.5
eV!, the fit agrees with theab initio data to within 0.06 eV
~;1.4 kcal/mol! and is even more accurate for lower ene
gies. This is a very good agreement, especially since theab
initio data vary over a wide range, as illustrated by the spr
of the data, as measured by its unsigned deviation from
mean. The energy of the ground-state van der Waals we
extremely accurate and agrees with theab initio data to
within 0.01 eV~0.2 kcal/mol!.

Figures 3 and 4 show contour plots of the LiFH groun
state surface atu5107° ~the angle of the minimum of the
ground-state van der Waals complex! and 72.8°~the angle of

FIG. 6. Contour plots of the~a! U11 ; ~b! U22 ; and ~c! U12 quasidiabatic
surfaces at a Li–F–H bond angle of107°. For panels~a! and ~b!, the
contour spacing is 0.1 eV for energies less than 1.0 ev and 1.0 eV
energies above 1.0 eV. For panel~c!, the contours are labeled in eV.
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the ground-state saddle point!, respectively, whereu is the
Li–F–H bond angle. Figure 5 shows a contour plot of t
LiFH first excited-state surface atu5122° ~the angle of the
minimum energy of the exciplex well!. The quasidiabatic
statesU11, U22, andU12 are shown in Fig. 6 for the 107°
bond angle. Figure 7 shows the adiabatic and diabatic e
gies along steepest-descent paths from the saddle poin
the ground-state Li(2s)1HF→LiF1H reaction at a fixed
Li–F–H bond angle ofu572.8°. Table IX shows the geom
etries and the energies of the stationary points, as wel
calculations in which the zero-point energy was included
the Morse I approximation71,72 using thePOLYRATE software
package.73

Table X compares the geometries and energies of
tionary points of the fitted adiabatic potential surfaces
those for several other surfaces4,5,8,11–13that have appeared
in the literature. The critical points of the previous groun
state surfaces agree reasonably well with the fit prese
here, and the present fit has the additional advantage ove
but one8 of the previous fits that it also includes the fir
excited state and over all previous fits that it also includes
electronic state coupling. The excited-state properties of
current fit do not agree well with those reported for the AS
ALPR fit,8 as shown in Table X. Specifically, the Li–F–H
bond angle of the minimum-energy geometry in the excip
well for the current fit (u5122°) differs from the result re-
ported by ASP-ALPR (u5180°), and the depth of the exc

or

FIG. 7. Adiabatic~thick solid lines! and quasidiabatic~thin dashed lines!
energies along the steepest descent path from the saddle point in uns
rectilinear coordinates~r LiF and r HF! for the ground-state reaction Li(2s)
1HF→LiF1H at a fixed bond angle ofu572.8°. The distance along the
path is the reaction coordinates.
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TABLE IX. Geometries and energies of the adiabatic stationary points of LiFH as calculated from the global fit. All bond lengths are in bohrs, the–F–H
angleu is in degrees, and the energies are in eV.

Feature r LiF r HF r LiH u V1 V11ZPEa V2 V21ZPEa

Reactants ¯ 1.73 ¯ ¯ 0.000 0.255 1.848 2.099
Reactant vdW well ofV1 3.56 1.76 4.42 107.0 20.241 0.033 1.244 ¯

Saddle pointb of V1 3.10 2.62 3.42 72.8 0.247 0.352 3.227 ¯

Product vdW well ofV1 2.98 3.90 3.94 68.4 0.150 0.242 5.567 ¯

Products 2.96 ¯ ¯ ¯ 0.175 0.232 c
¯

Exciplex of V2 3.34 1.82 4.57 122. 20.166 ¯ 1.214 1.438

aThe zero-point energy~ZPE! was calculated by treating the normal modes as separable Morse I oscillators~Refs. 71, 72! using thePOLYRATE v. 8.5.1 software
package~Ref. 73!. Zero-point energy is included in one mode for reactants and products, in two modes for the saddle points, and in three modes fo
three-body minima.

bImaginary frequency: 505i cm21.
cThe product arrangement is not bound on the excited-state surfaceV2 .
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the
plex well with respect to the Li(2p)1HF asymptote also
differs significantly; we report an exciplex well depth of 0.6
eV, whereas the APS fit reports a well depth of;0.9 eV.

IV.B. Other excited states

For completeness, we also include contour plots of
ab initio data for the second-excited (B̃ 2A9) and third-
excited (C̃ 2A8) states as Figs. 8 and 9, respectively. Bo
figures show theab initio data foru5110°. These two state
are degenerate with theÃ 2A8 state in the Li1HF limit ~the
Ã 2A8, B̃ 2A9, and C̃ 2A8 states correspond to the threefo
degenerate 2p 2P state of the Li atom in the Li1HF limit!.
To further illustrate the role that these states may play in
dynamics of electronically excited LiFH, Figs. 10 an
11show cuts through the ground-state van der Waals wel
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u5110° and fixed values ofr HF and r LiF, respectively. The
analytic fit for the ground-state and first-excited states
shown as solid lines, and theab initio data are connected
with dashed lines for the excited states that are not inclu
in the analytic fit. The symbols represent theab initio data.

V. SUMMARY AND FORTRAN VERSION

We have presented the results of accurate high-leveab
initio calculations for the first six states of the LiFH syste
at a large range of geometries. We have used these da
construct a highly accurate 232 quasidiabatic analytic fit to
the first two adiabatic potential energy surfaces. The fit
plicitly includes long-range interactions and the electro
state coupling. The geometries and energies of the statio
points ~the ground-state reactant van der Waals well,
tential
TABLE X. Comparisons of the geometries and energies of the stationary points on the adiabatic po
surfaces for several fitted LiFH potential energy surfaces.

Present CSa CMb ASP-ALPRc PLCPd APLRe BPSBf

Reactants
r HF (a0) 1.73 1.76 1.73 1.74 1.73 1.74 ¯

V1 ~eV! 0.0 0.0 0.0 0.0 0.0 0.0 ¯

V2 ~eV! 1.85 ¯ ¯ 2.05 ¯ ¯ ¯

van der Waals well
r LiF (a0) 3.56 3.68 3.59 3.65 ¯ 3.55 3.60
r HF (a0) 1.76 1.78 1.76 1.76 ¯ 1.77 1.76
u ~deg! 107 109 114 106 ¯ 107 109
V1 ~eV! 20.24 20.20 20.26 20.29 20.30 20.28 20.25

Saddle point
r LiF (a0) 3.10 3.21 3.12 3.20 ¯ 3.20 3.14
r HF (a0) 2.62 2.44 2.48 2.46 ¯ 2.46 2.42
u ~deg! 72.8 71 74 73 74 71.4 71.2
V1~eV! 0.25 0.43 0.34 0.25 0.18 0.23 0.25

Products
r LiF (a0) 2.96 3.03 2.95 3.00 2.96 3.00 ¯

V1 ~eV! 0.18 0.13 0.17 0.10 0.15 08 ¯

Exciplex well
r LiF (a0) 3.34 ¯ ¯ 3.18 ¯ ¯ ¯

r HF (a0) 1.82 ¯ ¯ 1.95 ¯ ¯ ¯

u ~deg! 122. ¯ ¯ 180. ¯ ¯ ¯

V2 ~eV! 1.21 ¯ ¯ 1.16 ¯ ¯ ¯

aReference 4.
bReference 5.
cReference 8.

dReference 11.
eReference 12.
fReference 13.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



d

h
d
tic

-

te

r
nt

es
nto

er

nes.
the

e

y

er

nes.
sent

e

y

8364 J. Chem. Phys., Vol. 116, No. 19, 15 May 2002 Jasper et al.
ground-state saddle point, the ground-state product van
Waals well, and the exciplex well! agree well with other~less
complete! fits that have been presented in the literature. T
surface set presented in this paper should be useful for
namical modeling of the global electronically nonadiaba
dynamics in both reactive and nonreactive processes.

A FORTRAN copy of the fitted potential matrix is avail
able in the POTLIB library.77

FIG. 8. Contour plot of theab initio data for the second-excited sta

(B̃ 2A9) at a Li–F–H bond angle of110°. The contour spacing is 0.1 eV fo
energies less than 2.0 eV and 1.0 eV for energies above 2.0 eV. The co
corresponding to 1.9 eV is shown as a thick solid line.

FIG. 9. Contour plot of theab initio data for the third-excited state (C̃ 2A8)
at a Li–F–H bond angle of110°. The contour spacing is 0.1 eV for energi
less than 2.0 eV and 1.0 eV for energies greater than 2.0 eV. The co
corresponding to 1.9 eV is shown as a thick solid line.
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FIG. 10. Cut alongr LiF through the minimum of the ground-state van d
Waals well at a fixed Li–F–Hbond angle of 110° withr HF fixed at 1.73a0 .
The analytic fits for the two lowest-energy states are shown as solid li
The ab initio data are shown as symbols, where the circles represent

X̃ 2A8 state, triangles represent theÃ 2A8 state, diamonds represent th

B̃ 2A9 state, squares represent theC̃ 2A8 state, ‘‘3’’ represent theD̃ 2A8

state, and ‘‘1’’ represent theẼ 2A9 state. The symbols are connected b
dashed lines for the states not included in the analytic fits.

FIG. 11. Cut alongr HF through the minimum of the ground-state van d
Waals well at a fixed Li–F–Hbond angle of 110° withr LiF fixed at 2.96 a0 .
The analytic fits for the two lowest-energy states are shown as solid li
The ab initio data are shown as open symbols, where the circles repre

the X̃ 2A8 state, triangles represent theÃ 2A8 state, diamonds represent th

B̃ 2A9 state, squares represent theC̃ 2A8 state, ‘‘3’’ represent theD̃ 2A8

state, and ‘‘1’’ represent theẼ 2A9 state. The symbols are connected b
dashed lines for the states not included in the analytic fits.
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